Results from a variety of experimental techniques which have been used to define the oxidation levels of Mn and other components in the S states of the water oxidising complex in Photosystem II are reviewed. A self-consistent interpretation of Mn X-ray absorption near edge spectroscopy, UV-visible and near infrared spectroscopic data suggests that Mn oxidation occurs only on the S 0 CS 1 transition, and that all four Mn centres have formal oxidation state III thereafter. Ligand oxidation occurs on the transitions to S 2 and S 3 . This is supported by high level quantum chemical calculations and an analysis of the kinetics of substrate water exchange, as recently determined by Wydrzynski et al. (this journal). One type of model for the catalytic site structure and water oxidation mechanism, consistent with these conclusions, is discussed. This model invokes magnetically separate oxo bridged dimers with water oxidation occurring by a concerted 2H /2e 3 transfer mechanism, with one H transfer to a bridge oxygen on each dimer. ß
Introduction
Understanding the structure and mechanism of the Mn containing water oxidation centre in photosystem II (PS II) remains one of the last great challenges in bio-energetics. The recent experience of the chemically complementary enzyme, Cytochrome Oxidase [1] , suggests that even when a high-resolution crystal structure of the functional photosystem becomes available, this will`focus minds' rather than necessarily clarify the catalytic mechanism operating at the site. In particular, the question of how and where the four oxidising equivalents are stored, that are necessary to e¡ect the oxidation of two water molecules to molecular oxygen with the release to the thylakoid lumenal space of four protons, will likely remain open.
As discussed elsewhere in this issue [2] , the water oxidising complex (WOC) contains four Mn ions and at least one Ca ion. Dioxygen is produced by a four step catalytic process involving up to ¢ve kinetically identi¢able intermediate states, the S i states (i = 0^4). For each S state advance, an oxidising equivalent is generated and stored within the WOC, by electron donation to the photo-oxidised reaction centre,
P680
. This occurs by way of the oxidisable phenoxide group of tyrosine Z (Y Z ) on the D1 peptide of the reaction centre complex. Two conclusions concerning the structure and the chemistry of the water oxidising site are currently not disputed: (i) The four Mn ions are all magnetically coupled, at least pair wise, by W-oxo and possibly W-carboxylato bridges [3] , with a characteristic Mn^Mn separation of 2.72
.8 A î in the pairs for the lower S states.
(ii) Substrate water is able to freely exchange with the catalytic site up to the S 3 state [4] . Water oxidation occurs then in a concerted four electron reaction during the S 3 CS 0 transition, so that four electron holes must at least transiently co-exist within the WOC components. Moreover, each electron is withdrawn through redox turnover of a single component, Y Z , whose mid point reduction potential (V0.9^1.0 V [5] ) is only slightly above the mean thermodynamic potential per electron (V0.8 V) necessary for the reaction to proceed at pH 7 (vGV3.0 eV). This imposes stringent demands for progressive redox`tuning' of the water oxidising site as the S states advance.
Over the last two decades, a range of spectroscopic approaches have sought to address the question of what is oxidised and when, during the redox accumulation phase of the S cycle. Most information has come from X-ray absorption, optical and electron paramagnetic resonance (EPR) spectroscopes:ŵ ith strong reliance in each case on comparison with data from well de¢ned model compound sets. Here we seek to distill a consistent picture from what appears to us to be the most salient of these observations. In addition we summarise some recent results from high level computational chemistryŵ hich shows promise of being very informative in de¢ned circumstances. The conclusions we draw are largely independent of any precise structural model for the Mn organisation within the WOC, but we illustrate them with reference to a particular model we have recently proposed [6, 7] .
S 1 state
This is the dark stable state of the WOC, and at su¤ciently low temperature the Mn centre(s) becomes diamagnetic for long dark adapted samples [8] . The Mn cluster thus has even net spin and since S 1 contains no Mn(II) (see below), the only plausible possibilities for the Mn oxidation states are Mn(III) 4 or Mn(III) 2 Mn(IV) 2 . X-ray absorption near edge spectroscopy (XANES) has been extensively applied by several groups [3,9^13] to determine the mean Mn oxidation level of the WOC, particularly for the S 1 state. Most data exist for the K edge, which exhibits a Vthreefold greater variation with metal oxidation state than the L L edge [14] . The technique is powerful but not without ambiguities. In particular: (i) there is no theoretically rigorous way to precisely de¢ne the absorption edge energy position^most commonly the in£ection point (second derivative zero crossing) is used [3] . (ii) The edge energy depends on the ligand environment of the metal centre, as well as its formal oxidation state. The latter makes the choice of model compound calibration set crucial, it should contain compounds as close as possible, chemically and structurally, to the protein metal centres being examined.
We have surveyed the available literature on K edge studies of model Mn complexes, restricting the choice to Mn dimers, trimers and tetramers (where available), which are at least W-oxo (and often W-carboxylato) bridged, whose oxidation states are (III), (III^IV) or (IV) and whose ligands are combinations of nitrogen and oxygen only. These should constitute the most appropriate general models for what are currently believed to be the broad structural features of the Mn site in PS II. Following a suggestion by Penner-Hahn et al. [10] , we have correlated the data as a function of the mean N/O ratio of the Mn ligands in the complexes. Fig. 1 , left panel shows the results for a total of 19 model compounds (including one protein), as well as the ranges of edge energies for the S 1 , S 2 and S 3 states, as determined by various groups. EPR [15] and mutational studies [17] suggest no more than Vtwo nitrogen ligands to the four Mn in PS II, the rest being oxygens, with at most one Cl 3 [18] . So N/OV0.05^0.1 for the photosystem Mn. It is immediately apparent that the edge energy varies substantially with the N/O ratio, for a ¢xed formal Mn oxidation state. Allowing for this, the most probable Mn oxidation level for the S 1 state is (III) 4 , while the S 3 state could be at most, (III) 2 (IV) 2 . These are not the inferred values currently quoted by extended X-ray absorption ¢ne structure (EXAFS) groups [3, 13, 14] ((III) 2 (IV) 2 for S 1 , up to (IV) 4 for S 3 ), but the sensitivity of the oxidation state calibration to ligand type seems not previously to have been stressed.
The issue becomes even clearer when Mn edge data from Penner-Hahn and colleagues [19] on PS II and Mn catalase are compared (Fig. 1 , right panel). The latter protein has a structurally well characterised bi-nuclear Mn site [20] , existing in a variety of formal oxidation states. The ligand N/O ratio is 0.25 (probably 0.20 for the superoxidised III^IV form [19] , close to PS II, and in the (III^IV) mixed valence state the Mn pair is di-W-oxo bridged with a Mn^Mn separation of 2.7 A î , again close to the situation for both Mn pairs in PS II [19] . It is apparent from Fig.  1 , right panel) that no matter how the edge position is speci¢cally quantised (see below), the mean S 1 Mn oxidation state in PS II appears lower than (III^IV), and the edge shape is more homogeneous (i.e. steeper) than the mixed valence case. Moreover, the total absence of the characteristic Mn II`nose', evident in the (Mn II) 2 catalase indicates no Mn II in S 1 , as has been noted elsewhere [9, 10, 13] .
S 2 state
If S 1 is Mn(III) 4 , what is oxidised on passage to S 2 ? Because there is a small but discernible edge shift (Fig. 1, left are di, tri or tetra-nuclear Mn complexes of de¢ned structure and oxidation state, possessing oxo (carboxylato) bridging. Data from [19,61^65] . Boxes show ranges of reported edge energies for WOC in S 1^S3 states (principally from [9] ). The closed symbols are Mn III complexes, open symbols are Mn III^IV complexes and crossed symbols are Mn IV complexes. Dashed curves show trends but have no other signi¢cance. (Right panel) Normalised Mn XANES K edge spectra of the di-nuclear Mn catalase in the II^II and IIIÎ V oxidation states, together with S 1 state PS II. Inset shows the binuclear site structure (after [20] ). Curves reproduced from data of Penner-Hahn et al. [19] . The energies at half height are (Mn II) 2 gV4.1 etc. [21] ), it is generally supposed that a single Mn centre oxidation occurs (i.e. Mn IIICMn IV). However, Fig. 1 [6, 22] , that a ligand (probably histidine) coordinating Mn(III) is oxidised on the S 1 CS 2 transition, yielding an antiferromagnetically coupled, spin 3/2 Mn(III)-L centre. Such a possibility is also suggested by the unusually strong, anisotropic histidine N coupling seen in ESEEM of the S 2 multiline signal [15] , similar to that observed in the amino topa quinone radical ligand in mono amine oxidases [16] .
The ¢rst spectroscopic technique used to probe the S state dependence of the Mn oxidation levels in PS II was UV^visible absorption spectroscopy (e.g. see [21] for review of earlier work). Although there was some disagreement between groups on the S 3 and S 0 state spectra, due to di¤culties in deconvoluting acceptor side e¡ects, all the reported S 1 CS 2 di¡erence spectra are generally consistent. Fig. 2a shows results from more recent measurements on PS II core particles [23, 24] . Fig. 2b shows all literature data we have been able to locate on the corresponding di¡er-ence spectra for single Mn IIICIV transitions in the well characterised oxo-bridged model Mn compounds (including Mn catalase). Although these vary somewhat, they are all qualitatively opposite to the S 1 CS 2 di¡erence spectrum. This latter peaks around 320 nm, with vO V7 mM 31 cm 31 , while the model systems generally show a negative minimum in the same wavelength region. In total, these data argue against Mn oxidation occurring on the S 1 CS 2 transition (see also S 0 CS 1 , below).
By contrast, Fig. 2a) shows the di¡erence spectrum for histidine radical formation at pH s 10 [25] . This corresponds essentially to the oxidation of the deprotonated imidazolate anion side chain, as suggested by absorption spectroscopy [25] and EPR [26] . The spectrum shows a close correspondence, in both shape and absolute intensity, to the S 1 CS 2 transition spectrum. Since one histidine is observed as a ligand to Mn in the multiline EPR signal of the S 2 state [15, 16] , the possibility is raised that a histidine ligand to Mn III, rather than Mn itself is oxidised on going from S 1 to S 2 . We are unaware of any MnÎ midazole systems that might be relevant spectroscopic models for this process, however phenoxyl radical complexes of high valent Ga, Sc, Fe and Mn retain, essentially quantitatively [27] , the ZCZ* band around 400 nm seen in isolated tyrosyl radicals in solution [28] . This suggestion of ligand oxidation is further supported by the observation and characterisation of a near infrared (NIR) absorption di¡er- [23, 24] . Shown also is the di¡erence spectrum for histidine radical formation (His ^H is) at pH s 10, from pulsed radiolysis studies [25] . (b) UV^visible absorption di¡erence spectra (Mn IV^Mn III) for single Mn centre oxidations in structurally characterised oxo, di-oxo bridged Mn complexes, including Mn catalase. Compounds 1,2 (8) [68] , Mn catalase (F) [67] [66] . Ligand N/O ratio indicated in each case.
ence band in PS II core complexes (spinach) associated with the physiological S 1 CS 2 transition [29] . Fig. 3a ) shows the band shape, which closely matches the action spectrum for NIR induced multilineCgV4.1 transition within the formal S 2 state [30] . The band is very weak, but its intensity and position are highly consistent with a correlation [29] (Fig. 3b) for the`Jahn Teller' d-d transition within the split e g levels of Mn III (see Fig. 4 ). This correlation appears to obtain generally for hexa-coordinated monomeric or coupled Mn III systems (including Mn superoxide dismutase, Fig. 3b ). Since S 1 contains no Mn II, the band is present in a Mn III ion that does not undergo oxidation, but rather alters its ligand environment on forming the S 2 multiline state. This alteration presumably`tunes' the e g level split to bring the band into view (i.e. between V750 and 1000 nm (10 000^15 000 cm 31 ), in aqueous PS II samples, see Figs. 3b and 4).
On the basis of multi frequency modelling of the multiline EPR signal [22] , it was suggested that the Mn centre oxidised on the S 1 CS 2 transition was essentially ¢ve coordinate and quasi square pyramidal, with one strong Z donor (histidine) ligand and the remainder presumably oxygens (Fig. 4) . A sixth ligand along the pyramidal axis was inferred to be weakly bonding or absent. We have recently begun a program to explore such a system computationally [31] , using a variety of ab initio methods with density functional corrections for exchange and correlation. The same methodology has been extensively used by Siegbahn et al. [32] in their examination of Mn and Fe centres in biological systems, including PS II. Fig.  4 shows the metal centre fragment geometry we have used. An imidazole group represents the histidine side chain and all oxygens including the two assigned to the oxo-bridges are modelled as waters. In the calculations these latter have Mn^O bond lengths set to 1.85 A î , typical for high valent Mn W-oxobridges. The fragment, which models one Mn centre in a di-W-oxo (or possibly W^O, W^OH) pair, shows interesting behaviour when oxidised from the formal Mn III to Mn IV state. As Mn III the metal centre behaves conventionally, with an unpaired spin density of V3.8, as expected, the antibonding molecular orbital corresponding principally to the metal d z 2 orbital being oriented along the ligand de¢cient axis, as shown. Removal of one electron results in oxidation of the imidazole ring, rather than the Mn, as the ground state (Fig. 4b) . This result is robust across several density functional theory (DFT) computational methods for the fragment geometries imposed here. The total L spin density on the imidazole ring is 30.90, giving a net (K) spin of V2.8, as expected for a formal 3/2 centre ( 4 A). The calculations also suggest that the d z 2 -d x 2 Ày 2 energy gap (Fig. 4a) is re- [30] . B: Spectrum of NIR signal transient amplitude observed on S 1 CS 2 turnover in PS II core complexes, from Baxter et al. [29] . Solid curve through points in B is a Gaussian ¢t (X max V12 300 cm 31 , NX 1a2 V1000 cm 31 ). (b) Closed points: Plot of band position (X max ) versus extinction coe¤cient, O, at X max for the d-d NIR band in a series of six coordinate monomeric Mn III complexes [29] (b) and anion inhibited Mn superoxide dismutase [69] (R) (see text). Dashed line is a linear ¢t through these points. Open symbol is for the PS II band from (a, B). PS II observation window is V10 000^15 000 cm 31 . 3 fragment withVsquare pyramidal geometry (after [22] ). Protein O ligands modelled as H 2 O. Those marked * have bond lengths set to 1.85 A î to model bridge oxo (hydroxo) groups^other bond lengths optimised. Removal of one electron results in oxidation of ligand (i), with spin density mainly on ring carbons. (ii), (iii) show the shapes of the MO's corresponding essentially to the e g levels in (a). The energy gap between these is over 25 000 cm 31 suggesting that additional ligand character is present along the z direction. This is less than a full O (H 2 O) coordination however, as then the Mn centre not the Im ligand is oxidised on electron removal. duced by 1000^2000 cm 31 when the ligand is oxidised, qualitatively consistent with the scheme in Fig. 4a , although the absolute magnitude of the splitting (which is currently estimated simply from the d z 2 -lowest unoccupied molecular orbital (LUMO) gap) is too large by a factor of V2. Excited state SCF calculations are expected to clarify this issue further. Interestingly, Brudvig, Bocian and colleagues have recently inferred the existence of a weak NIR band in the S 1 state of PS II from Synechocystis PCC6803, which appears to be Mn-derived [33] . This band was identi¢ed by resonance Raman excitation, with a maximum response around 12 000 cm 31 , and disappeared on transition to S 2 . The Mn cluster environments in PS II of higher plants and photosynthetic bacteria are known to be quite similar, but not identical, as the bacteria do not generate a 4.1 signal under conditions which generate this in plant photosystems [34] . Taken together, the observational data suggest the existence of weak NIR absorption bands arising from Mn in the WOC, which are present in both S 1 and S 2 , but undergo some modest shift (a few thousand cm 31 ) between these states, which brings the bands into or out of the 750^1000 nm viewing window. This is totally consistent with the picture summarised in Fig. 4 .
S 2 C CS 3
On the S 2 CS 3 transition, the non-integral spin EPR signals from S 2 are lost, requiring that some component strongly coupled to the Mn centre(s) is oxidised. The nature of this component is currently controversial, with some groups claiming from the Mn edge shifts that Mn is oxidised [12, 13] . Others see little or no Mn edge shift on this transition [3] and conclude that a ligand, possibly an oxo-bridge is oxidised. The above discussion clearly cautions against interpreting all shifts as Mn oxidation. However, if a ligand to Mn is oxidised, then some modest shift of the Mn edge is expected. Table 1 summarises recent data from Dau et al. [13] where we have, for each transition, simply averaged the shifts, as determined from the same data by four independent methods of data analysis [13] . Almost half of the total S 0 CS 3 shift occurs on S 0 CS 1 , and this, by current consensus, corresponds to a Mn IICMn III transition (below). The shifts on the S 1 CS 2 and S 2 CS 3 transitions are similar and only 50^60% of the S 0 CS 1 value. If one of them corresponds to oxidation of a ligand to Mn III, both might. However EXAFS data show that the Mn cluster undergoes a signi¢cant structural change on going to S 3 , which is not seen on the transition to S 2 [3] . This alteration corresponds mainly to a readily discernible increase of V0.2^0.3 A î , in the Mn^Mn separation of one of the bridged Mn dimers in the WOC. As Klein et al. have argued [3] , it would be without model compound precedent for this change to accompany a Mn IIICMn IV oxidation in the dimer. Oxidation of a bridging species, probably an oxo group, is however a reasonable interpretation which would rationalise the increase in the Mn^Mn separation and modest edge shift. Unfortunately UV^visible spectroscopy has little to o¡er here as the S 2 CS 3 di¡er-ence spectrum is relatively featureless and Mn model compounds exhibiting oxo bridge oxidation are not known, although a related process is believed to occur in some di-iron systems 1 .
S 0 C CS 1
It is not without irony that this transition, which is normally the most di¤cult to access experimentally, is the one about which the least disagreement exists. The large Mn XANES edge shift (above) on the S 0 CS 1 transition coupled with the appearance of the characteristic Mn II`nose' in the edge shape of the S 0 state [13] , is strong evidence for a Mn IIM n III oxidation on this step. Further, Fig. 5 shows that the S 0 CS 1 UV^visible di¡erence spectrum is consistent with an oxidation state change from IICIII for a single Mn centre in a high (Mn III) valent cluster. The characteristic feature here is a band around 300^320 nm, with vOV3U10 3 M 31 cm 31 , which probably arises from an oxo-Mn III charge transfer process, similar to that seen in diiron complexes [35] . Notice it is the loss of such a Mn III feature which produces the negative minimum in the same region seen in authentic Mn IIICMn IV di¡erence spectra (Fig. 2b)) . The band appears to move to lower energy (as expected) in a true Mn IV centre. Finally the recent discovery of a hyper¢ne structured, spin 1/2 multiline type signal [36, 37] in S 0 , which is signi¢cantly broader than the corresponding S 2 state signal, strongly suggests the presence of Mn II in a coupled centre which is minimally a Mn II^Mn III dimer (i.e. spin 5/2-spin 2). The Mn hyper¢ne patterns from such centres are typically wider than those from (spin 2-spin 3/2) systems (usually Mn III^Mn IV) [36, 38] . Table 1 then summarises the oxidation states of the WOC components, as concluded here. The Mn are grouped into two dimer pairs. In models which assume that the dimers are magnetically separate [6, 7] , the S state Mn EPR data require that all the redox changes up to S 3 occur on one dimer only. For most models which assume a coupled tetra-nuclear Mn organisation (e.g. [3, 39] ), the locations of the oxidation state changes would be less constrained.
Substrate water binding
Recently Wydrzynski and colleagues have measured the substrate water exchange kinetics from the functional WOC, in several S states. This is reviewed elsewhere in this volume [40] . These studies identi¢ed two types of binding site,`slow and fast', with the slow ¢rst order rate constant being V11 0 32 s 31 and the fast rate v40 s 31 . The slow rate was essentially the same in the S 2 and S 3 states and about 5 s 31 at 20³C. It is reasonable to assume that at least one of the waters binds to a Mn, although attempts to observe this directly by ESEEM measurements on the S 2 state of PS II in the presence of 17 O-labelled water failed to observe 17 O modulations on the Mn multiline signal [41] . Certainly small, hydrophilic molecules (MeOH, EtOH) appear to directly ligate Mn in the WOC cluster [42, 43] , as revealed by ESEEM studies on the deuterated species. The failure to observe 17 O ESEEM modulations could be a consequence of signi¢cant quadrupolar broadening of the modulations, as 17 O has a spin 5/2 nucleus.
The results summarised in Table 1 indicate that beyond S 0 , any water bound to a Mn in the cluster would be a ligand to Mn III, probably a terminal ligand. Some current assumptions about the Mn ox- idation states (e.g. [13] ) however would require all Mn in the S 3 state to be Mn IV. It is useful therefore to examine what limits, if any, the observed water exchange kinetics impose on possible oxidation states for Mn at (a) putative water binding site(s).
Hillier et al. have determined the temperature dependencies of the slow and fast water exchange rates resolvable in the S 3 state [44, 45] . Over the range 02 0³C, these show Arrhenius behaviour to good approximation. Table 2 summarises the data. In addition, extensive studies have been made of the kinetics of inner sphere water exchange with bulk, for ions in aqueous solution (see [46] for summary). Such data are available for a number of ¢rst row transition series tri-valent ions, but not Mn III (which generally disproportionates in water). We have explored the use of computational correlation parameters, which would allow us to semi-empirically infer the expected ¢rst coordination shell water exchange rate for aquo Mn III. We have found that the average metal^oxy-gen bond length (R Oav ), as computed from geometry optimised DFT (ADF and Gaussian 98 [32] ) calculations on hex (aquo-hydroxo) ¢rst row tri-valent transition metal ions, exhibits a good correlation with observed water ligand exchange rates (over V11 orders of magnitude in the rate, Fig. 6a ). The experimental activation enthalpies for exchange are also reasonably correlated with this bond length parameter (Fig. 6b) . The R Oav value for hexaquo Mn III lies close to the correlation for the observed slow water exchange rate in (S 2 , S 3 state) PS II. For pentaquo Mn III, the predicted rate would be several orders of magnitude slower than that observed in PS II. However the experimental data for Cr III and Fe III monomeric and dimeric complexes (Fig.  6a) and [47] ) suggest that progressive charge neutralisation of the metal centre (by OH 3 /H 2 O replacement) increases H 2 O exchange rates by V10 2 per negative ligand charge. Since the overall charge of a buried metal centre in the protein matrix is expected to be low or zero, Fig. 6a ) suggests that the slow water exchange site in PS II is likely to be charge neutral, penta coordinate Mn III. The exchange rate which Fig. 6a ) would predict for a Mn IV centre is essentially o¡ the scale, even with charge neutralisation. From these data it is di¤cult to imagine how a formal Mn IV centre could be present as a substrate water binding site in any part of the S state cycle, up to S 3 . Fig. 6b shows that the above conclusion is also totally consistent with the observed activation energy for the PS II slow site exchange rate, although the correlation is more scattered. The fact that the observed frequency factor (A 0 ) for this rate is V10 14 s 31 ( Table 2 ) strongly indicates that the rate determining step is a simple, unimolecular event,^breaking the metal^water ligand bond. Thus the observed vE 0 essentially reports this bond strength and not di¡usional passage of the water molecule out of the protein into bulk water. This then further supports the validity of conclusions drawn from Fig. 6a . For the fast water exchange rate, the situation is di¡erent. This rate is V50 s 31 in S 3 and becomes unresolvably fast ( s 100 s 31 ) in earlier S states (or perhaps absent). In S 3 the observed rate is probably not inconsistent with ligand binding to a Mn III centre (Fig. 6a) , but the activation enthalpy (V40 kJ/mol), is well below the expected value from Fig. 6b . Moreover, the A 0 value is much lower than 10 13 s 31 , suggesting that the kinetics re£ect a compound process, not a single unimolecular event. A simple model under such circumstances is to regard the exchange as quasi one dimensional di¡usion through some restricted region (protein pore etc). Then for the observed ¢rst order exchange rate constant [48] , k ex
Where l is the channel length and D eff the e¡ective di¡usion coe¤cient. Taking l V20 A î , gives D eff V10 312 cm 2 s 31 . Table 3 lists data on measured di¡usion coe¤cients for water in various relevant media [49] . Clearly a D eff value of only V10 312 cm 2 s 31 , when vE d V40 kJ/mol, is generally consistent with sterically restricted (single ¢le?) di¡usion through a proteinaceous pore. This then is the rate determining step and the observed kinetics do not re£ect unbinding from the substrate site, if such formally exists. Summarising the conclusions from the above analysis of substrate water exchange, one water molecule is bound to a ¢ve coordinate Mn III centre, which remains unaltered on the S 2 CS 3 transition, and one water molecule is probably not bound to Mn at all (since Mn oxidation states less than III could not exist in S 3 ). No substrate water is bound to Mn IV.
A model for the site
To this point, a broad range of models for the detailed structure of the WOC Mn cluster and the resulting mechanism of substrate water oxidation are admitted. Here we discuss brie£y that class favoured by us. We have argued elsewhere [6, 7] for a model of the Mn organisation involving two magnetically isolated bridged dimers, separated by a distance su¤-cient to allow fast (V10 6 s 31 ) electron transfer (i.e. in the order of 10 A î ). In such models, one dimer is [46] ) and the observed rate in the protein complex would not be limited by this. Such a location of the Ca allows the two substrate water molecules to be in close (van der Waals) contact (Fig. 7) . Finally, the question arises as to the function of the second`inner' Mn dimer (that which is not the principle redox accumulator). Again we have argued elsewhere [6, 7] that this dimer performs an electron transfer role between the`outer' (charge accumulating) dimer and P680. This function is normally ascribed (on good grounds) to the redox active tyrosine residue, Y Z [5] . We have suggested from EPR evidence [7, 51] , that the inner dimer contains an oxidisable bridging ligand and that the well known g = 4.1 signal seen in PS II centres blocked from full functional turnover to the S 2 multiline state, arises from the three centre spin system containing two Mn III and the oxidised bridging ligand 2 . The identity of this ligand is open, but it is attractive to identify it as Y Z , which is also supported by kinetic EPR data on the apparent magnitude of the Y Z radical signal during functional PS II turnover [52, 53] . Further, it provides a simple rationalisation of the observations [54, 55] that the kinetics of Y Z turnover are only weakly dependent on H/D substitution or pH (over the functional range 5^8) in intact systems, but much more sensitive to these factors in Mn-depleted systems. In the latter, Y Z appears to be protonated (neutral phenol) below pH V7 and its oxidation by P680 is then markedly slower compared to intact material, or Mn-depleted centres above pH 8. Thus the role of Mn ligation is to stabilise Y Z in essentially the phenoxide ring form, even at the low operating pH (V5^6) of the thylakoid lumen, so that its redox turnover remains fast. Indeed UV^visible absorption di¡erence spectra for Y Z (ox)3Y Z in Mn intact PS II are inconsistent with Y Z being protonated in the reduced state [28, 55] , and suggest that Y Z is essentially always a tyrosinate species in a polar environment.
Fig . 7A shows the structural model for the WOC catalytic site we currently favour. This is consistent with the data from oriented Mn EXAFS [3] and Sr EXAFS [50] studies, if all currently resolved Mnm etal interactions beyond 3 A î are assumed to be due to Ca (Sr) scattering (that they are partly so is not disputed [50] ) 3 . The normal electron £ow pathway, up to S 3 is indicated, with Y Z ful¢lling its conventionally proposed function (as an electron transfer intermediate) while forming a bridging ligand to the inner Mn pair. The location of Y Z , relative to P680 is consistent with pulsed electron double resonance studies [56] and structural modelling of the PS II transmembrane region, based on the known bacterial reaction centre structure [57] . The separation between the redox active ligand (histidine) on the outer dimer and Y Z is 14A î . This is generally consistent with several independent estimates of the distance between Y Z and the centre undergoing turn- 2 Very recently Boussac and Rutherford [71] claim to see no evidence for the bridging ligand in the presence of the g = 4.1 signal. These authors did not employ the cryo protectant conditions we have previously identi¢ed necessary [7, 51] to tune the cluster exchange couplings so as to make the radical visible. We have recently reproduced our observations with a new PS II core complex preparation in which the g = 4.1 and radical states were generated with near infra-red turnover (Smith et al., in preparation). 3 In some respects the model in Fig. 7 is the most consistent with the Mn and Sr (Ca) EXAFS results on PS II, of any structure so far proposed (to our knowledge). Although EXAFS quanti¢cation of total scatterer numbers for a given interaction is only modestly reliable (V20% [16] ), a recent detailed analysis [16] suggests that the ratio of Mn^Mn 2.7 A î interactions to Mn^metal 3.3 A î interactions in the S 1 state is close to 2.0. Since the Sr EXAFS shows V2 Sr^Mn interactions at V3.5 A î [48] , and each Mn has one 2.7 A î neighbour on average, there is`no room left' for a signi¢cant Mn^Mn contribution at 3.3^3.5 A î . over on the S 1 CS 2 transition [54, 56, 58, 59 ] (i.e. V15 A î ).
To this point all key elements of the model in Fig.  7A are directly supported by at least some structural/ spectroscopic or kinetic data. Proposing a catalytic mechanism from this however is necessarily a speculation based on suppositions. Despite this some clues are available to guide the process:
1. A formal`S 4 ' state probably does not exist, rather S 4 is S 3^YZ (ox). The conclusion from EPR kinetic studies [60] on O 2 release in PS II was that the V50^200 Ws delay in O 2 release observed in the £ash-induced S 3 CS 0 transition represented a structural reorganisation within the S 3 Y Z (ox) state of the catalytic site, which preceded an unresolvably fast reaction yielding O 2 . 2. O^O bond formation is unlikely to involve reaction between two (terminal) oxo species, both bound to high valent Mn. This is a conclusion based on extensive high level computational studies of reaction pathway energy barriers, using structures plausibly relevant to the WOC (reviewed in [32] ). The analysis suggested rather a reaction between a`free' (not formally bound) water molecule and an oxo radical on Mn, with a concerted proton transfer from the unbound water to a Mn hydroxo ligand, as O^O bond formation develops. Although the calculations cannot be totally realistic, as they involve only one Mn and one Ca centre and the formal Mn oxidation state (VIV^V) invoked in S 3 is too high (see above), this approach provides a most useful guide to what general classes of mechanism are favoured to operate in the WOC. 3. The ubiquity of H transfer (coupled electron, proton) reactions in biological redox processes. The potential signi¢cance of this for water oxidation in PS II has been stressed by Babcock and Tommos and elaborated into a detailed model (e.g. see [5] ). This mechanism involves proton transfer directly to the phenoxide oxygen of Y Z , which is excluded in our model (for Mn intact centres). However the mechanistic attractiveness of coupled H /e 3 transfer to O receiving groups, as a method to lower the activation barrier for some transient`O radical' species formation remains. This is moreover a key element in the computationally favoured pathways discussed above, and rationalises the thermodynamics of proton displacement [2] . Fig. 7B ,C then summarises the proposed O 2 formation reaction sequence, from S 3 CS 3 Y Z (ox) (i.e. S 4 )CO 2 . Oxidation of the H 2 O bound to Ca 2 (i.e. the`free' water) involves coupled H /e 3 transfers to both Mn dimers, with W-oxo-bridges acting as the H acceptors. This concerted, double H abstraction with concurrent O^O bond formation is suggested to be su¤ciently favourable, that the very high ( v IV) formal Mn oxidation states otherwise required by the computational modelling are avoided. The H receiving bridge oxygen on the outer dimer would probably be that which becomes oxidised (and so deprotonated) on the S 2 CS 3 transition (Fig. 7C) . The observed 50^200 Ws lag in O 2 release following single turnover from S 3 , which appears to be correlated with an electrochromic transient (see discussion in [60] ), possibly re£ects the time scale for loss of a proton from a receiving bridge oxygen of the inner dimer, when Y Z is oxidised. This must occur before the concerted proton transfer from water, O^O bond formation and re-reduction of Y Z (ox) can commence. So the reaction is kinetically`stalled' at S 3 Y Z (ox), until loss of the bridge proton, which becomes thermodynamically favourable after the oxidation of Y Z . Such a deprotonation may be permitted only in S 3 , as a consequence of the structural change detected by EXAFS on entering this state [3] . We suggest (Fig. 7B ) that the Ca-bound water noẁ pre-positions' itself by weak H bonding to the two bridge oxygens which will ultimately receive the transferred H atoms. This would be consistent with the small increase (V0.1 A î ) observed in one Mn^Mn vector (i.e. inner pair), accompanying the larger (V0.3 A î ) increase in the other (i.e. outer) pair. Thus the`fast' water exchange rate slows down in S 3 [40, 44, 45] . The rate of the concerted O 2 formation and release is then essentially the rate of Y Z (ox) rereduction on S 3 CS 0 , as is con¢rmed within a time resolution of a few tens of Ws [60] . The latter rate (t 1a2 V1^2 ms) is 7^10 times slower than the rates of Y Z (ox) re-reduction in the earlier S states, which are roughly equal (t 1a2 V100 Ws, [52, 53] ). These fast rates all represent electron transfers (with deprotonations on some events) from the outer dimer to Y Z (ox), whereas the slow rate from S 3 reports passage along the reaction pathway for oxidation of the Ca-bound water. Finally, although the inner dimer is depicted in Fig. 7 as di-bridged (oxo, phenoxo), the Mn^Mn separation of 2.7^2.8 A î [3] suggests a tri-bridged species as more probable in terms of our model, i.e. oxo, hydroxo, phenoxo.
